Abstract. Haze pollution in the Beijing-Tianjin-Hebei (BTH) region has become increasingly more severe and persistent in recent years. To better understand the formation of severe haze and its relationship with anticyclonic anomalies over northeastern Asia (AANA), this research focused on severe haze over the BTH region occurring in December during 2014-2016 and examined the impacts of AANA. The results indicated that local meteorological conditions were conducive to severe haze (such as weaker surface winds, a stronger temperature inversion, a shallower boundary layer, and higher relative humidity) and were all closely related to AANA. During severe haze episodes, AANA remained strong in the middle upper troposphere, generating anomalous southeasterly winds near the surface. This effect not only promoted the accumulation of pollutants due to the unique topographical conditions in the BTH region but also caused warm advection in lower levels, which was the main cause of the formation and development of a temperature inversion layer. As a synoptic-scale circulation, AANA were accompanied by anomalous vertical motions in the surrounding areas, which weakened the meridional circulation over the BTH region. Intrusions of clean air from upper levels to the surface and downward transport of westerly momentum at mid-levels and upper levels were suppressed, resulting in weaker northerly winds near the surface and a shallower boundary layer. The thermally indirect zonal circulation between the BTH region and western Pacific triggered by AANA provided a persistent source of moisture for the BTH region, which strengthened the development of severe haze by promoting the growth of fine particulates. The advance and retreat of AANA often corresponded with the emergence and dissipation of severe haze, illustrating that AANA could be effective forecast indicators for air quality.
Introduction
Haze is a weather phenomenon that can restrict visibility and increase the risk of traffic accidents, and haze is also a type of serious air pollution that is detrimental to people's health (Hu et al., 2015; Wang et al., 2016) . Haze events in China are mainly caused by fine particulate matter (with a diameter less than 2.5 µm; PM 2.5 ), which contains primary pollutants and sulfate or nitrate aerosols Cai et al., 2017; Shen et al., 2018) . In recent years, the Beijing-TianjinHebei (BTH, located at 36-42 • N, 114-120 • E) region has witnessed several severe haze events with long durations, large spatial extents, and serious pollution levels. Notably, the number of haze days in the BTH region has increased, and the affected area has shown an inter-decadal expanding trend . To control air pollution, the Chinese government enacted the Air Pollution Prevention and Control Action Plan in 2013. So far, the atmospheric environment quality in the BTH region has improved to a certain extent, mainly via a reduction in SO 2 and NO 2 concentrations ("Formation Mechanism and Control Strategies of Haze in China" professional group, 2015) . However, a corresponding decline in PM 2.5 concentration was not obvious, and the occurrence of severe haze events in the BTH region showed strong interannual variation, especially in winter Yin and Wang, 2018) . Previous studies have suggested that the strong interannual variation in December haze days is different from that in other winter months (Yin and Wang, 2018) . During 16-21 December 2016, the BTH region suffered serious air pollution. Despite more than 30 cities initiating an air pollution red alert ahead of time, the pollution lasted for 5 d, and the instantaneous PM 2.5 concentration reached up to 1000 µg m −3 in Shijiazhuang, the capital of Hebei province. Another pollution event occurred from 30 December 2016 to 7 January 2017, lasting for as long as 9 d. The occurrence of two long-term severe haze episodes within 20 d of each other triggered a broader discussion about their formation, scientific attribution, and reasonable methods of management (Wang, 2018) .
Previous studies have indicated that the formation of severe haze is characterized by a complex interplay between anthropogenic emissions, chemical processes, and meteorological factors Tang et al., 2018) . The basic cause of haze pollution is excessive emissions . The synergistic effects of these anthropogenic emissions may worsen air pollution in northern China Yang et al., 2016) . Nevertheless, meteorological conditions still play a key role in the formation of haze events (Zhang et al., 2014; Wei et al., 2017) . According to recent research (Cai et al., 2017) , atmospheric circulation changes induced by global warming may enhance the stability of the lower atmosphere in Beijing, leading to more frequent and severe haze pollution in the future. Furthermore, the decline of autumn Arctic sea ice and the negative anomalies in subtropical western Pacific sea surface temperature could greatly change the atmospheric circulation and lead to an increase in haze days in eastern China . Haze pollution could be exacerbated under these forcing factors through its impact on atmospheric circulation and meteorological conditions. In addition, local meteorological conditions and the structure of the boundary layer will vary with the change in the large-scale circulation conditions, which could affect the dispersion capability of the atmosphere and thus have an effect on air pollution . The weather conditions affecting pollutant dispersion include dynamic factors (e.g., wind and turbulence) and thermodynamic factors (e.g., atmospheric stratification and its stability) (Zhang et al., 2014) . Lower wind speed, higher relative humidity, and stable atmospheric stratification are the main factors conducive to the occurrence of haze (Zhang et al., 2014; Ding and Liu, 2014; Yin et al., 2015b) . Such weather conditions could be strengthened by a weaker East Asian winter monsoon (EAWM) and the positive phase of the East Atlantic-West Russia (EA/WR) teleconnection (Yin et al., 2015a; Wu et al., 2016; .
Research on persistent and severe haze pollution in the BTH region has demonstrated that anticyclonic anomalies in northeastern Asia (AANA) represent a key local circulation that is conducive to the formation of serious haze pollution , 2018 . Some studies have indicated that a weak EAWM could modulate AANA Yin et al., 2015a) . With the decline of EAWM, cold air is restricted to high-latitude areas, and the East Asian trough becomes weak. It is physically reasonable that the weaker East Asian trough appears as an anticyclonic circulation in the anomaly field. Thus, to some extent, AANA are a representative indicator of the EAWM system (Wang and Jiang, 2004) . However, it is still unclear how such atmospheric anomalies affect the occurrence of severe haze events. To better represent the intensity of AANA and their physical impact on haze pollution, we defined AANAI Z 500 (AANAI ω 500 ) and AANAI V 850 according to anomalies in the 500 hPa geopotential height (vertical velocity) field and 850 hPa wind field composited during severe haze episodes, referring to previous EAWM indices (Wang and Jiang, 2004; He and Wang, 2012) . Considering that the air quality measurement network in China was developed relatively recently, this study focuses on severe haze pollution in the BTH region during December in the years 2014-2016 and explicates the characteristics of AANA and their relationship with severe haze while making a comparison with non-haze episodes. The situation in December 2017 was also discussed to verify the relationship revealed in this study.
Data and method
Meteorological observation data for December in the years 2014-2017 were obtained at 3 h intervals from the China Meteorological Administration, including visibility, surface wind speed, and surface relative humidity (RH). Hourly PM 2.5 concentration data from 80 national air quality stations over the BTH region were derived from the website of the China National Environmental Monitoring Centre (2018) . Additionally, the geopotential height at 500 hPa; sea level pressure (SLP); U and V components of wind at 200, 850 hPa, and the surface; vertical velocity (omega) from 200 to 1000 hPa; temperature at 850, 1000 hPa, and the surface; surface dew point temperature; RH from 200 to 1000 hPa; and planetary boundary layer height (PBLH) from the ERA-Interim reanalysis data (Dee et al., 2011; ERAInterim, 2019) were downloaded from the European Centre for Medium-Range Weather Forecasts (ECMWF), with a horizontal resolution of 0.75 • × 0.75 • . The surface RH field was calculated based on the surface temperature and the dew point temperature taken from the ERA-Interim reanalysis data. Considering that ERA-Interim might have problems capturing the day-to-day and diurnal variations in PBLH over northern China (von Engeln and Teixeira, 2013; Guo et al., 2016) , the National Centers for Environmental Prediction (NCEP) operational Global Data Assimilation System/Final (GDAS/FNL) surface flux data (NCEP, 2019) were applied to make a comparison. Anomaly fields were calculated with respect to the mean climatology in December from 1979 to 2010. Considering the strong diurnal variations in some meteorological factors, such as the PBLH, temperature, and RH, the climatologies were calculated separately for 02:00, 08:00, 14:00, and 20:00, Beijing local time.
Considering that national air quality stations over the BTH region are scarce and unevenly distributed, we used Thiessen polygons here to calculate the weighted average of PM 2.5 concentration and built time series at 6 h intervals. Following this, we selected the severe haze events (defined as PM 2.5 concentration ≥ 150 µg m −3 ; Cai et al., 2017) and non-haze events (PM 2.5 concentration ≤ 50 µg m −3 ) and used composite analysis to analyze the associated atmospheric circulations and weather conditions. Most previous studies have investigated haze events in units of hours or days, and the variations among different haze episodes were not taken into account. Some meteorological factors might be closely related to haze pollution in a few cases but remain insignificant in others. In this way, relationships between haze pollution and meteorological factors might be overemphasized. Meanwhile, some meteorological factors, such as the PBLH and RH, show strong temporal variations that might call their statistical relationship with haze pollution into question. Thus, neglecting the small timescale disturbances within each synoptic-scale environment could help to deepen insight into the physical relationship (Lackmann, 2011) . To better describe the relationships and mechanisms manifesting among different haze episodes, a new data field called synoptic-process mean (SPM) data was calculated. According to the PM 2.5 concentration, the synopticscale environments were divided into three groups: severe haze, non-haze, and non-severe haze (i.e., PM 2.5 concentration ∈ [50, 150] µg m −3 ). Two criteria were used to ensure that each type of haze episode was representative and mutually independent: (1) a haze episode should have a minimum duration of at least 12 h (i.e., two time steps; a time step represents 6 h) and (2) if any two haze episodes of the same type were detected within 24 h (i.e., four time steps), these two episodes would be merged into one. The SPM data applied time averaging to calculate mean PM 2.5 concentrations and meteorological variables during each haze episode. Based on the SPM data, synoptic-process correlation coefficients (SPCCs) were calculated in units of haze episodes, rather than in units of hours or days. This method maintains the physical relations between haze and meteorological factors while removing the potential influence of day-to-day and diurnal variations inside each synoptic-scale environment. In addition, the vertical transport of westerly momentum was defined as ∂uω ∂P in this study (Zhong et al., 2010) . Table 1 ). The duration time of severe haze events (9.3 time steps) was relatively long compared to nonhaze events (8.9 time steps), especially in 2015 and 2016. With respect to the severe haze since 15 December 2016, most cities in the BTH region and surrounding areas issued an air pollution red alert ahead of time, and anthropogenic emissions were strictly controlled. Despite those efforts, the BTH region still experienced serious and persistent haze, demonstrating that meteorological conditions had a significant impact on haze pollution .
As a critical system influencing the climate pattern over East Asia, the EAWM plays an important role in the formation of severe haze (Zhang et al., 2014; Yin et al., 2015a; . When severe haze occurred, the EAWM weakened throughout the troposphere, as indicated by the relatively low geopotential heights over Siberia and the Aleutian Islands at mid-levels (Fig. 2a) , a decline in northerly winds near the surface (Fig. 3a-b) , and a warmer land surface (Fig. 2b) . As a consequence, the East Asian jet stream was weaker and moved northward with respect to the climatological mean , while the East Asian trough weakened and moved eastwards (Fig. 2a) . These results indicated that the meridional circulation over midlatitude and high-latitude areas in East Asia was weakened during severe haze events so that the BTH region was mainly covered by zonal circulation. Thus, cold-air intrusions and their southward movement into the BTH region were suppressed . Negative anomalies in SLP were obvious over the midlatitude and high-latitude areas of the Eurasian continent, with two negative centers located over the Siberian plain and Bering Strait, while the SLP anomaly in the western Pacific was positive (Fig. 2b) . The change in land-sea contrast implies southeasterly winds. Considering that the BTH region is located southeast of the Taihang-Yanshan Mountains, southeasterly wind anomalies tend to restrict the dispersion of pollutants. Moreover, the warm air brought by the southeasterly winds increased the temperature inversion potential (TIP, T 850 -T 1000 ). The enhancement of stable stratification restricted the vertical dispersion of pollutants (Fig. 3a) . By contrast, during non-haze events the EAWM was relatively strong in the troposphere ( Fig. 2c-d) . Thus, cold-air incursions were more frequent, re- sulting in stronger surface winds and lower surface RH in the BTH region ( Fig. 3c-d ). In addition, the pressure difference between the western Pacific and the BTH region increased and the northerly winds strengthened, aiding the dispersion of PM 2.5 . In general, a weakening of the EAWM restricts cold-air incursions and impacts local weather conditions, including surface wind speeds, surface RH, and TIP, whose SPCCs with mean PM 2.5 concentration in the BTH region were −0.42, 0.72, and 0.56, respectively, all exceeding the 99 % confidence level (Table 2) . With the decline in wind speed near the surface and the increase in TIP, the horizontal and vertical dispersion of pollutants was inhibited, while higher surface RH exacerbated the formation of particulates. These factors led to a rapid increase in PM 2.5 concentration and resulted in severe haze (Fig. 4) .
The aforementioned southeasterly wind, abundant moisture, and strong temperature inversion that induced severe haze were all closely related to AANA . Thus, we hypothesize that AANA are a key circulation pattern influencing severe haze in the BTH region. Here, we defined three indices: AANAI Z 500 (defined as Z 500 anomalies over 30-50 • N, 115-140 • E; white box in Fig. 2a ), AANAI V 850 (defined as wind speed anomalies at 850 hPa over 30-40 • N, 120-150 • E; black box in Fig. 3a) , and AANAI ω 500 (defined as ω 500 anomalies over 35-45 • N, 115-125 • E; white box in Fig. 6a ) to describe the intensity of AANA in the middle and lower troposphere. Note that the AANAI Z 500 and AANAI V 850 are similar to previous EAWM indices (Wang and Jiang, 2004; He and Wang, 2012) , as AANA are an important manifestation of a weaker EAWM (Fig. 2a) . However, we defined these indices here through anomaly fields to Table 2 . SPCCs between the mean PM 2.5 concentration over the BTH region and key meteorological indices. All the SPCCs exceeded the 99 % confidence level. Visibility, surface wind speed, and surface relative humidity (RH) were based on observed data and used to calculate the mean over the BTH region. Temperature inversion potential (TIP, defined as T 850 -T 1000 ) anomalies were calculated as mean anomalies over the BTH region with respect to the 1979-2010 climatology. Planetary boundary layer height (PBLH) anomalies were calculated as mean anomalies over the BTH region with respect to the 1979-2010 climatology. Synoptic-process correlation coefficients (SPCCs) were calculated based on SPM data, aggregated by averaging mean PM 2.5 concentrations, all meteorological data, and AANA indices during each severe haze (14), non-haze (12), and non-severe haze (24) analyze anomalous atmospheric circulations, differing from the EAWM indices, which were used to describe the intensity of the EAWM and its climatic evolution. The physical meaning and the critical areas taken into account also differ between AANAI Z 500 (AANAI V 850 ) and related EAWM indices. Considering that the AANAI Z 500 and AANAI V 850 only represent the intensity of AANA in the horizontal dimension, we further introduced AANAI ω 500 to investigate the vertical structure of AANA. This part will be illustrated in detail in the following section. We calculated the SPCC between area-mean PM 2.5 concentrations in the BTH region and AANAI Z 500 (AANAI V 850 ) as 0.64 (−0.64), exceeding the 99 % confidence level (Table 2) . Thus, changes in AANA were closely related to the emergence and development of haze pollution (Fig. 5) . When severe haze took place, AANA were evident from the lower to the upper levels, especially in the middle troposphere (Fig. 6a ). AANA were associated with southeasterly winds near the surface (Fig. 3a) , which favored the accumulation of pollutants and water vapor. Southeasterly winds gathered pollutants from the surrounding areas and provided a steady supply of fine particulates and precursor species for haze pollution in the BTH region, while bringing moisture from the western Pacific to the BTH region via Bohai Bay. Weak convergence induced by the anomalous low surface pressure helped to import moisture into the BTH region (Fig. 3b) . This promoted the hygroscopic growth of fine particulates and the formation of secondary pollutants . In addition, warm advection induced by southeasterly winds was prevalent in the middle and lower troposphere over the BTH region (Fig. 7) . Strong warm advection at mid-levels is also consistent with a weaker EAWM. Specifically, local temperature increases generated by warm advection were stronger at 850 hPa than those at 1000 hPa on the day before the first day of severe haze events. Even though anomalous vertical motion had a negative effect on changes of temperature around the first day of severe haze events, the positive changes due to horizontal advection still prevailed in lower levels so that the local temperature tendencies remained positive (Fig. 7) . These effects were propitious to the formation and development of a stronger temperature inversion and an increase in atmospheric stability (Fig. 3a) . The SPCC between AANAI Z 500 and TIP was 0.58, exceeding the 95 % confidence level (Table 3) . For non-haze events, northeastern Asia was mainly covered by cyclonic anoma- Figure 4 . The 6-hourly variations in PM 2.5 concentration, surface wind speed, surface RH, and TIP in December 2014, December 2015, and December 2016. All data were subjected to min-max normalization. Periods corresponding to areas of red (blue) shading indicate the occurrence of severe haze (non-haze) episodes. Note that each area of red or blue shading represents a synoptic process of severe haze or non-haze, respectively. Episodes between severe haze and non-haze episodes were defined as non-severe haze episodes, representing the normal situation. Synoptic-process mean (SPM) data were aggregated by averaging PM 2.5 concentrations and all meteorological data during each episode. Note that each area of red or blue shading represents a synoptic process of severe haze or non-haze, respectively. Episodes between severe haze and non-haze episodes were defined as non-severe haze episodes, representing the normal situation. Synoptic-process mean (SPM) data were aggregated by averaging mean PM 2.5 concentrations and all AANA indices during each episode.
lies (Fig. 6b) , which strengthened northerly winds near the surface (Fig. 3c) . Strong northerly winds brought about cold advection over the BTH region and inhibited the transport of water vapor (Fig. 3d ). Higher wind speeds and a drier atmosphere were conducive to the dispersion of pollutants. The SPCC between AANAI Z 500 and surface wind speed (surface RH) was −0.38 (0.73), exceeding the 99 % confidence level (Table 3) . Thus, because of the unique topographical conditions in the BTH region, the anomalous southeasterly flow caused by AANA facilitated the formation and aggregation of haze particulates. The emergence of a temperature inversion layer enhanced the atmospheric stability, leading to more persistent and serious haze events. Aside from horizontal dispersion, vertical dispersion also played a vital role in haze pollution (Zhao et al., 2013; Wu et al., 2017) . When severe haze occurred, negative anomalies of vertical velocity (omega) were common over northeastern Asia and the coastal regions of eastern China, while positive anomalies were mainly located over the northwestern Pacific (Fig. 6a) . Thus, the mid-level reflection of AANA was accompanied by an anomalous synoptic-scale ascending motion to the rear (west) of AANA and an anomalous descending motion to the front (east) of AANA. The distribution of anomalies was the opposite during non-haze events: cyclonic anomalies appeared, with anomalous synoptic-scale ascending motions to the front (east) of the cyclonic anomalies and anomalous de- scending motions to the rear (west) of the cyclonic anomalies (Fig. 6b) . The SPCC between AANAI ω 500 and the mean PM 2.5 concentration in the BTH region was −0.70, exceeding the 99 % confidence level (Table 2 ). This result suggested that anomalous synoptic-scale ascending motions to the rear of AANA (i.e., on the back or west side of the anomalous upper-level ridge) had a significant effect on haze pollution in the BTH region. Our results appeared to contradict the speculation by , who simply concluded that the sinking motion generated by AANA reflected its overall state. The following sections explore how the associated vertical circulation affected severe haze in the BTH region. The anomalous synoptic-scale ascending motion associated with AANA extended through the depth of the troposphere (Fig. 8) . Considering the climatological mean state over the BTH region (i.e., descending motion; Fig. S1 in the Supplement), this anomalous ascent weakened the usual descending motion in the local area when severe haze occurred, occasionally even generating a weak ascending motion in the lower troposphere (i.e., 500-800 hPa; Fig. 9a ). Even though the sinking motion still prevailed over the BTH region, descent from the upper levels was greatly weakened due to the anomalous ascent (Fig. 9a) . This effect might explain why subsidence and associated adiabatic warming weakened during severe haze episodes and yet did not dominate the changes in lower-level temperature (Fig. 7) . The strong warm advection mentioned above (Fig. 7) represented a decline in dry-air intrusions (Sun et al., 2017) . As a result, the invasion of cold and dry air from upper levels to the surface was relatively weak, conditions favorable for the formation of severe haze (Sun et al., 2017; Hu et al., 2018) . The anomalous ascending motion in the middle troposphere not only weakened the normal sinking motion but also inhibited the downward transport of westerly momentum at mid-levels and upper levels (i.e., ∂uω ∂P > 0; see Fig. 9b ), leading to weaker northerly winds near the surface (Lu et al., 2010; Liu and Guo, 2012) . This inhibition of downward momentum flux reflected a reduced frequency of cold-air intrusions (Hu et al., 2018) and also affected the intensity of turbulence. On the one hand, with the weakening of momentum exchange between the upper and lower levels, the transformation of kinetic energy from the basic flow to the turbulent flow was suppressed (Liu and Liu, 2011) . On the other hand, the temperature inversion mainly generated by anomalous southeasterly winds led to increased atmospheric stability and dissipation of turbulent kinetic energy. Both of these factors caused the kinetic energy of turbulence to decrease (Liu and Liu, 2011) . Weaker turbulence resulted in a shallower planetary boundary layer (Fig. 3a) . The PBLH over the BTH region was only 266.7 m during severe haze episodes (compared to a mean PBLH in December of 430.7 m based on ERA-Interim data). This had adverse effects on the dispersion of pollutants. The SPCC between the PBLH anomalies and the PM 2.5 concentration was −0.60, passing the 99 % confidence level (Table 2) . It is worth noting that the emergence of an inversion in the BTH region resulted in a more stable atmosphere, and thus the aforementioned anomalous ascending motion was isolated from the air lying beneath the stable layer (Corfidi et al., 2008) . However, the anomalous vertical motion still contributed to a favorable synoptic-scale environment for haze by confining clean-air intrusions and downward momentum fluxes from upper levels. Once the anomalous ascent weakened, and descending motion again prevailed over the BTH region, the supply of clean air from mid-levels and upper levels helped to break the inversion layer (Fig. 7c) . This effect also strengthened the downward flux of momentum, enhancing northerly winds near the surface. Subsequently, the BTH region was mainly controlled by cold advection (Fig. 7c) . These factors marked the dissipation process for the haze. For non-haze episodes, the cyclonic circulation induced an anomalous descending motion over the BTH region, which strengthened the local meridional circulation (Fig. 8c-d) and the downward transport of westerly momentum at mid-levels and upper levels ( Fig. 9c-d) . Under these circumstances, clean-air intrusions from the free troposphere were more fre- (14), non-haze (12), and non-severe haze (24) episode. The total sample size was 50. Figure 7 . Differences of temperature tendencies (units: 10 −5 K s −1 ) between severe haze and non-haze events over the BTH region. "Day+0" refers to the first day of severe haze and non-haze events. "Day−1" refers to 1 d before the first day of severe haze and non-haze events. "Day+1" refers to 1 d after the first day of severe haze and non-haze events. The black line represents local temperature changes (i.e., ∂T ∂t ). The red line represents horizontal temperature advection (i.e., −V · ∇T ). The blue line represents the combined effects of adiabatic compression and vertical advection (i.e., ( κT P − ∂T ∂P )ω, κ = R/C p = 0.286; Wallace and Hobbs, 2006) . The purple line represents the effect of diabatic heating processes (i.e., J C p , J represents diabatic heating rate; this term was obtained as a residual). "⊗" indicates that differences between severe haze and non-haze episodes exceeded the 95 % confidence level (t test) for that term. quent and surface wind speeds and turbulent exchange were enhanced, leading to conditions conducive to pollutant dispersion. In general, AANA were accompanied by an anomalous synoptic-scale ascent to its rear, which weakened the normal meridional circulation over the BTH region and restricted clean-air intrusions from higher levels. The resulting weak local vertical circulation also inhibited downward momentum transport and led to lower surface wind speeds, weaker turbulence, and a shallower boundary layer in the local area. These effects provided a favorable synoptic-scale environment for the formation and development of severe haze.
Note that AANA modulated a thermally indirect zonal circulation between the BTH region and the western Pacific, i.e., ascending motion over land and descending motion over sea, in contrast to the mean state over this region during the boreal winter (ascending motion over the relatively warm sea and descending motion over the relatively cold land; see To put the horizontal velocity and the vertical velocity on the same order of magnitude, the vertical velocity (omega) has been magnified 100 times. Fig. S2 ). This thermally indirect circulation acted as an important water vapor path (Fig. 8b) . Easterly winds in the lower troposphere triggered by AANA brought warm, humid air to the BTH region, resulting in higher RH in the lower (900-1000 hPa) atmosphere. This effect could accelerate the growth of fine particulates and lead to a sharp increase in the PM 2.5 concentration. Higher RH near the surface also limited evaporation, thus restricting the development of turbulence (Betts, 1997) . Consequently, anomalous ascent was weak near the surface relative to the anomalies in the lower and middle troposphere. Weak updrafts near the surface reduced the vertical dispersion of pollutants (Sun et al., 2017; Yin and Wang, 2018) . Moreover, the aforementioned temperature inversion layer also favored weaker turbulence, which acted against the ascending motion in lower levels connecting with motions at upper levels. During non-haze events, the thermally direct vertical circulation (i.e., ascending motion over sea and descending motion over land) was evident in the AANA region, favoring the transport of pollutants and water vapor to the ocean. The resulting drier atmosphere over the BTH region limited the growth of fine particulates. In brief, the thermally indirect circulation between land and sea modulated by AANA provided a persistent source of water vapor for severe haze, and the resulting higher RH weakened the turbulence. These effects might explain why severe haze tended to last for a long time.
We further investigated the evolution of AANA composited onto severe haze or non-haze episodes to provide a basis for air quality forecasting. Before severe haze episodes, northeastern Asia was mainly covered by a cyclonic circulation, which had a tendency to weaken over time (Fig. 10a-c) . This effect was caused by the strengthening of positive geopotential height anomalies over Lake Baikal. The eastward propagation of positive anomalies over Lake Baikal was a precursor signal of severe haze. On the first day of severe haze, AANA were relatively typical: strong at midlevels, with anomalous ascending motion over the BTH region and anomalous southeasterly winds near the surface ( Fig. 10d) . These anomalies regulated the synoptic-scale environment and provided favorable conditions for the formation of severe haze. AANA moved to the east continually after the first day of severe haze ( Fig. 10e-f) . At 3 d after the onset of severe haze, AANA were replaced by a cyclonic circulation, and haze tended to dissipate (Fig. 10g) . The reemergence of a cyclonic circulation over the BTH region marked the end of the severe haze. For non-haze episodes, AANA remained strong and moved slowly before the non-haze day (Fig. 10h-j) . The few cyclones that developed were mainly located at high latitudes. The switch from an anticyclonic circulation to a cyclonic system occurred a day before the nonhaze day, associated with cold air entering the BTH region from the north. On the first non-haze day, a cyclonic circulation developed over northeastern Asia (Fig. 10k ). An anomalous descending motion over the BTH region and northerly wind near the surface were both evident. A day after the nonhaze day, anomalous descending motions were enhanced due to the development of the cyclonic circulation (Fig. 10l) . The cyclonic circulation then moved eastward, pushed by the positive anomaly over Lake Baikal (Fig. 10n) . In brief, the emergence and development of severe haze (non-haze) was matched by the movement and development of AANA. Thus, AANA could be an effective forecast indicator for air quality.
Conclusion and discussion
Severe haze in the BTH region has grown both more serious and more persistent in recent years, which has wreaked havoc on society and the economy. Based on the PM 2.5 concentration data collected from the air quality measurement network in China, this research focused on severe haze episodes over the BTH region during December in the years 2014-2016. Non-haze episodes were also taken into account as a comparison. The associated atmospheric circulations and the structure of AANA were analyzed. The results indicated Figure 10 . Evolution of AANA during severe haze episodes (a-g) and non-haze episodes (h-n): Z 500 (contour, units: gpm), V 850 (arrow, units: m s −1 ), and ω 500 (shading, units: Pa s −1 ). Anomalies were calculated with respect to the 1979-2010 climatology. Severe haze or nonhaze day+0 refers to the first day of severe haze or non-haze. Severe haze (non-haze) day−3, severe haze (non-haze) day−2, and severe haze (non-haze) day−1 refer to 3, 2, and 1 d before the first day of severe haze (non-haze), respectively. Severe haze (non-haze) day+1, severe haze (non-haze) day+2, and severe haze (non-haze) day+3 refer to 1, 2, and 3 d after the first day of severe haze (non-haze), respectively. The green box indicates the BTH region. The white, black, and gray boxes indicate the areas covered by AANAI Z 500 , AANAI V 850 , and AANAI ω 500 , respectively. that AANA were closely related to weaker surface winds, a stronger temperature inversion, a shallower boundary layer, and higher RH in the BTH region, which were of importance in the formation of severe haze. AANA motivated southeasterly winds in the lower troposphere and the gathering pollutants and moisture over the BTH region. Strong southeasterly winds also generated a temperature inversion through warm advection, which strengthened the stability of the lower atmosphere. Being synoptic in scale, AANA were accompanied by anomalous vertical motion in the surrounding areas. This weakened the local meridional circulation and reduced the frequency of cold-and dry-air invasions. Meanwhile, the anomalous vertical motion also inhibited the downward transport of momentum and resulted in lower surface wind speeds, weaker turbulence, and a shallower boundary layer, which in turn suppressed pollutant dispersion. AANA also modulated a thermally indirect circulation between land and sea, which acted to funnel moisture into the region. Abundant moisture promoted the growth of haze particulates and higher RH weakened turbulence. These factors provided favorable conditions for the emergence and development of severe haze. The evolution of AANA with respect to severe haze and non-haze episodes was also discussed. Positive geopotential height anomalies over Lake Baikal propagated eastward before forming AANA and therefore represented a precursor signal for severe haze. In contrast, a transition from anticyclonic circulation to cyclonic circulation occurred in the lead-up to non-haze days, resulting in the rapid introduction of polar cold air.
It is widely acknowledged that fine PM is the main cause of severe haze in China Cai et al., 2017) . Compared with the visibility data used in previous research Yin et al., 2015a, b) , PM 2.5 concentrations better represent the characteristics of haze pollution. Thus, the severe and non-haze events analyzed in this research were identified according to PM 2.5 concentration, while visibility data were included to draw comparisons with previous research. The basic conclusion that stronger AANA, corresponding to a weaker EAWM, can promote severe haze by generating weaker surface winds, a stronger temperature inversion, and higher RH is in agreement with previous findings (Yin et al., 2015a; . Strong correlations between the AANA indices and visibility also exist (Tables 3 and 5 ). In addition, this study offers novel insights into the formation of severe haze in the BTH region. Our analysis demonstrated the dynamic mechanism through which AANA affected severe haze in the BTH region. AANA not only motivated southeasterly winds near the surface but also modulated anomalous vertical motion. These synoptic-scale environments led to local meteorological conditions that were conducive to severe haze, including weaker surface winds, a stronger temperature inversion, a shallower boundary layer, and higher RH. The situation in December 2017 backed up our conclusions. Even though the haze events were not as serious as those in previous years, AANA could be detected in the middle troposphere when severe haze occurred (Fig. 11a) . The BTH region was covered by anomalous southerly winds near the surface and anomalous ascending motion at upper levels. The strong cyclonic circulation over northeastern Asia might explain why the haze pollution was less severe in December 2017 (Fig. 11b) . The relationship between AANA and severe haze in the BTH region expressed different features in different years but remained strong. In 2014, 2016, and 2017, SPCCs between PM 2.5 concentrations and AANAI Z 500 were 0.81, 0.79, and 0.73, respectively, all passing the 99 % confidence level (Table 4). These results indicated that AANA could play an important role in the formation of severe haze over the BTH region in 2014, 2016, and 2017 . However, the SPCC between the PM 2.5 concentration and AANAI Z 500 was 0.53 in 2015, failing to pass the confidence test. The weaker correlation might reflect the influence of El Niño-Southern Oscillation on the mid-tropospheric circulation. Although AANA were not evident at mid-levels, they still emerged in the lower troposphere and had an impact on severe haze. The SPCC between the PM 2.5 concentration and AANAI V 850 (AANAI ω 500 ) was −0.61 (−0.66), exceeding the 95 % confidence level (Table 4 ). In addition, there were some differences in how AANA affected severe haze. In 2014, AANA strengthened the severe haze mainly by enhancing TIP anomalies and surface RH, whose SPCCs with AANAI Z 500 were 0.62 and 0.57, respectively (Table 5) . AANA promoted weaker surface winds, higher surface RH, and a shallower boundary layer in 2015. The SPCCs between AANAI V 850 and surface wind speed, surface RH, and ERA PBLH anomalies were 0.74, −0.70, and 0.64, respectively (Table 5) . Similar situations were detected in 2016 and 2017 (Table 5 ). These Synoptic-process correlation coefficients (SPCCs) were calculated based on SPM data, aggregated by averaging all meteorological data and AANA indices during each severe haze, non-haze, and non-severe haze episode. The sample sizes in 2014, 2015, 2016, and 2017 were 18, 14, 18, and 15, respectively . Note that PBLH estimates from the FNL dataset are only available after 2015.
results prove that the AANA indices could capture the relationship between severe haze in the BTH region and the synoptic-scale environment. It is worth noting that the tendency for ERA-Interim to underestimate PBLH (von Engeln and Teixeira, 2013) may be less of an issue during winter over northern China . We have further calculated SPCCs between the AANA indices and FNL PBLH (Table 5) , which indicate that our conclusions are not dependent on the reanalysis dataset. The composite evolution of AANA during severe haze or non-haze episodes illustrated that the intensity of AANA could play an important role in the emergence and dissipation of severe haze. However, the severe haze or non-haze events analyzed in this study were limited to December in the years 2014-2016. Further analysis containing more sample data is required to confirm whether and under what conditions the three AANA indices we defined in this study could be reliable forecast indicators. 
